One of the essential features of all pathogenic strains of Salmonella enterica is the ability to enter into nonphagocytic cells. This pathogenic property is mediated by the Salmonella pathogenicity island 1 (SPI-1)-encoded type III secretion system. Expression of components and substrates of this system is subject to complex regulatory mechanisms. These mechanisms include a number of specific and global transcriptional regulatory proteins. In this study we have compared in S. enterica serovars Typhimurium and Typhi the effect of mutations in flagellar genes on the phenotypes associated with the SPI-1 type III protein secretion system. We found that serovar Typhi strains carrying a null mutation in either of the flagellar regulatory genes flhDC or fliA were severely deficient in entry into cultured epithelial cells and macrophage cytotoxicity. This defect could not be reversed by applying a mild centrifugal force, suggesting that the effects of the mutations were not due to the absence of motility. In contrast, the same mutations had no significant effect on the ability of serovar Typhimurium to enter into cultured Henle-407 cells or to induce macrophage cell death. Consistent with these observations, we found that the mutations in the flagellar regulatory proteins significantly reduced the expression of components of the SPI-1-encoded type III system in serovar Typhi but had a marginal effect in serovar Typhimurium. Our results therefore indicate that there is an overlap between regulatory mechanisms that control flagellar and type III secretion gene expression in Salmonella serovar Typhi.
Salmonella enterica serovar Typhi is the cause of typhoid fever in humans, which remains a global health problem. According to the World Health Organization, there are an estimated 16.6 million cases and 600,000 deaths per year due to typhoid fever, predominantly in Asia and Africa (37) .
One of the essential features of all pathogenic Salmonella strains is their ability to enter epithelial cells, a phenotype that is mediated by the type III secretion system encoded at centisome 63 of their chromosome within Salmonella pathogenicity island 1 (SPI-1) (12) . This system enables the translocation of a battery of effector proteins into the host cell cytosol, thereby stimulating a number of cellular responses. These responses include the production of proinflammatory cytokines and the stimulation of the reorganization of the actin cytoskeleton, leading to bacterial uptake into intestinal epithelial cells. In macrophages the signaling events stimulated by Salmonella lead to the initiation of programmed cell death.
Previous studies have indicated the importance of motility for Salmonella invasion of cultured cells (25, 26, 30, 33, 45) . However, it is unclear whether there is a direct requirement for motility in order for Salmonella to enter nonphagocytic cells or whether mutations in flagellum-associated genes have an indirect effect on the expression of the invasion phenotype. Mutations in chemotaxis genes such as cheA, cheR, cheW, and cheY, which confer a smooth-swimming phenotype, rendered S. enterica serovar Typhimurium more invasive than wild-type strains (25) . In contrast, mutations in cheB, which result in a "tumbly" phenotype, rendered these bacteria deficient in entry (25, 30) . Serovar Typhimurium nonmotile strains can regain wild-type levels of entry if a mild centrifugal force is applied during the internalization process. In contrast, Liu et al. reported that centrifugation cannot reverse the entry deficiency of serovar Typhi Fla Ϫ , Mot Ϫ , and Che Ϫ mutants, suggesting that unlike serovar Typhimurium, serovar Typhi requires intrinsic, intact motility for host cell invasion (33) . These findings also suggest the existence of differences in the entry mechanisms between serovar Typhimurium and the host-adapted serovar Typhi. The present study was designed to investigate the role of motility in entry of serovar Typhi into cultured epithelial cells. We found an overlap between the regulatory mechanisms that control flagellar and invasion gene expression.
MATERIALS AND METHODS
Bacterial strains, bacteriophages, and growth conditions. The bacterial strains used in this study are listed in Table 1 . Bacteria were grown in L broth or in high-osmolarity L broth (with 0.3 M NaCl, pH 7.0), and when required, the following antibiotics were added at the concentrations indicated: ampicillin, 100 g/ml; chloramphenicol, 30 g/ml; kanamycin, 50 g/ml; streptomycin, 100 g/ ml; and tetracycline, 12.5 g/ml. Bacteriophage P22HTint-mediated transduction was used for transduction of markers into Salmonella strains (40) . Conjugations were carried out by filter mating as described elsewhere (27) .
Motility assay. Motility was assayed by using semisolid agar plates (containing 10 g of tryptone, 5 g of NaCl, and 3 g of agar per liter of medium) and incubation conditions of 37°C for 18 h.
Invasion assay. Entry of Salmonella strains into cultured Henle-407 cells was assayed in 24-well tissue culture plates as described previously (14) . Bacterial cultures were grown to an optical density at 600 nm of 1.1, and experiments were carried out with a multiplicity of infection of 10. When indicated, a mild centrifugal force (500 ϫ g for 10 min) was applied to the 24-well tissue culture plates at the start of the 2-h infection period.
Macrophage cytotoxicity assay. Macrophage cytotoxicity was assayed by ethidium homodimer-1 staining as previously described (7) with minor modifications. J774.A1 cells were grown to a confluency of about 80 to 90% on glass coverslips in Dulbecco modified Eagle medium containing 10% fetal calf serum and 1 mM sodium pyruvate. Cells were infected at a multiplicity of infection of 5, with the different bacterial strains grown to an invasion-competent state as indicated above. During the first 10 min of the 2-h invasion process, bacteria were spun onto the macrophages at 500 ϫ g. Subsequently, cells were washed (17) . Cells were washed twice with Hanks balanced salt solution, and the coverslips were mounted and sealed onto glass slides and immediately visualized by fluorescence microscopy. The number of macrophages killed by Salmonella was determined by determining the proportion of cells exhibiting fluorescence-stained nuclei. A minimum of 500 cells were examined for each bacterial strain, and the experiments were repeated at least three times. C2,3O assay to measure gene expression with xylE gene fusions. Bacterial strains were grown overnight in high-osmolarity L broth for 12 to 14 h and diluted 1:20 in a total volume of 20 ml. The cultures were grown for 4 h under mild shaking conditions to an optical density at 600 nm of approximately 1.1. Cells were lysed by sonication, and the levels of catechol 2,3-dioxygenase (C2,3O) activity were determined as described elsewhere (38) . Briefly, bacterial cells were washed with 5 ml of cold 20 mM potassium phosphate buffer (pH 7.2). The bacterial pellets were resuspended in 1.5 ml of cold APB (10% acetone, 100 mM potassium phosphate buffer, pH 7.5) and sonicated on ice for 1 min to disrupt cells. Extracts were centrifuged at maximum speed in a microcentrifuge for 10 min at 4°C to remove cellular debris. The total protein concentration was determined with the BCA Protein Assay Reagent, and known concentrations of bovine serum albumin were used as standards as indicated by the manufacturer (Pierce Chemical Co., Rockford, Ill.). C2,3O activity was determined by monitoring the increase in absorbance at 375 nm at room temperature due to accumulation of 2-hydroxymuconic semialdehyde, in 3-ml polypropylene reaction cuvettes. Briefly, 2.5 ml of 100 M potassium phosphate buffer (pH 8.0), 0.45 ml of APB, 50 l of extract, and 10 l of 100 mM catechol were mixed, normalized against a blank containing all of these ingredients except extract, and immediately read at a wavelength of 375 nm. The extract concentration was adjusted to obtain a reaction rate where product formation increased the optical density by no more than 0.005 per s. One milliunit corresponds to the formation at room temperature of 1 nmol of 2-hydroxymuconic semialdehyde per min per mg of protein. The molar absorption coefficient e was 42,000. Calculations were performed with the following formula: milliunits ϭ 7.1 ϫ 10
, where V BCA is the volume of extract used to determine total protein concentration, V C2,3O is the volume of extract used in the C2,3O assay, A 375 is the absorbance at end of time T, T is the time required to reach the A 375 , Y is the amount (micrograms) of protein in the V BCA as calculated from the linear quadratic equation of the protein standard curve, and D is the dilution factor, i.e., Vfinal/Vsample.
Analysis of Salmonella whole-cell lysates and culture supernatant proteins. Overnight cultures of the different Salmonella strains were diluted 1:20 and grown in 100-mm tubes on a rotating wheel at about 30 rpm in 2.5 ml of high-osmolarity L broth containing 0.3 M sodium chloride to an optical density at 600 nm of 1.1. Cultures (1.5 ml) were then centrifuged at 14,000 ϫ g for 30 min at 4°C. One-milliliter portions of the supernatants were collected for further analysis, and the remaining medium over the cell pellet was carefully removed without disturbing the pellet and discarded. The bacterial pellets were resuspended in 300 l of Laemmli buffer. Seventy-five microliters of culture supernatant and 30 l of whole-cell lysate preparations were loaded onto polyacrylamide gels and transferred to nitrocellulose membranes for Western blot (immunoblot) analysis with a monoclonal antibody directed to SipC. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis were carried out by standard protocols (39) .
RESULTS
Characterization of the S. enterica serovar Typhi ISP1820 wild-type strain. S. enterica serovar Typhi strain ISP1820, originally isolated from an outbreak of typhoid fever in Chile (kindly provided by M. M. Levine, University of Maryland), was utilized in these studies. Phenotypes in this strain associated with the centisome 63 type III secretion system, such as bacterial entry into cells and macrophage cytotoxicity, were examined as indicated in Materials and Methods. In agreement with previous reports, we observed a strong correlation between the bacterial culture conditions and the ability of strain ISP1820 to stimulate host cell responses (15, 32, 43) . When grown under culture conditions which maximally induce the expression of genes associated with SPI-1 (0.3 M NaCl L broth, low oxygen tension, and late logarithmic growth phase), serovar Typhi strain ISP1820 was capable of entering into Henle-407 cells and inducing macrophage cytotoxicity in a manner that was roughly equivalent to that of S. enterica serovar Typhimurium (data not shown; see Fig. 2B and 3B). We also compared the protein profiles of culture supernatants of serovar Typhi ISP1820 and serovar Typhimurium SB300 by SDS-PAGE and Coomassie blue staining. The two strains exhibited similar (although not identical) supernatant protein profiles (Fig. 1) , demonstrating the conservation of at least some of the secreted effector proteins in these two microorganisms. These results indicate that the serovar Typhi strain ISP1820 harbors a functional SPI-1 type III secretion system which, like that of serovar Typhimurium, mediates the stimulation of several host cell responses, such as membrane ruffling, leading to bacterial internalization into nonphagocytic cells and cytotoxicity towards macrophages (see below).
Effect of flagellar mutations in serovars Typhi and Typhimurium on phenotypes associated with the centisome 63 type III system. The assembly and regulation of the flagellar structure in S. enterica serovar Typhimurium is complex and has been studied extensively by several laboratories (reviewed in reference 35). Flagellar genes are grouped in operons that are clustered in five regions (I, II, IIIa, IIIb, and H2) distributed throughout the bacterial chromosome. The transcription of these genes is organized into a regulatory hierarchy of three classes (early, middle, and late genes). Expression of each class is a prerequisite for the expression of the following class in the cascade, thereby allowing coordinated expression. At the top of the hierarchy is the flhDC master regulatory operon (early genes), which is essential for the direct control of the class II (middle) genes, which encode proteins of the hook-basal body complex and FliA (or 28 ), a flagellum-specific sigma factor. FliA, by itself or together with the master regulator FlhDFlhC, activates the transcription of class III operons coding for the filament, proteins required for chemotaxis and rotation of the filament, and the anti- 28 factor FlgM. The anti-sigma factor inhibits the transcription of class III genes indirectly by binding to FliA and preventing it from directing the RNA polymerase to recognize FliA-specific consensus sequences. Following assembly of the hook-basal body complex, the FlgM protein is secreted by the flagellum-specific export apparatus, effectively coupling flagellar assembly with transcriptional regulation (22, 31) . In order to investigate systematically the role of motility in Salmonella invasion into cultured epithelial cells, mutations in the three regulatory classes of flagellar genes were introduced by P22HTint transduction into the chromosomes of serovars Typhimurium and Typhi (Table 2) . Except for the flgM strains, all flagellar mutant strains were nonmotile (data not shown).
Strains of serovars Typhimurium and Typhi carrying mutations in the different flagellar genes were tested for the ability to enter cultured Henle-407 cells in the absence or presence of a mild centrifugal force (see Materials and Methods). As previously described (25, 26, 30, 33, 45) , in the absence of centrifugation the nonmotile Salmonella strains tested were significantly deficient in their ability to gain access to cultured host cells (Fig. 2) . Both serovar Typhimurium and serovar Typhi flgM strains displayed a slight decrease in the ability to invade cultured epithelial cells (60 and 25% of wild-type levels, respectively), which may be due to sterical hindrance caused by the overproduction of flagella in these strains (31) .
Centrifugation significantly reversed the invasion defect of all serovar Typhimurium flagellar mutants ( Fig. 2A) . However, centrifugation compensated for the invasion deficiency of only a subset of serovar Typhi flagellar mutants (Fig. 2B) , since application of a centrifugal force failed to reverse the invasion defect of strains carrying a mutation in flhDC or fliA, which encode transcriptional regulatory proteins (Fig. 2B) .
Another phenotype associated with the Salmonella centisome 63 type III secretion system is the induction of apoptosis in macrophages. This prompted us to test whether strains of serovars Typhimurium and Typhi carrying mutations in flagellar genes (fliA, flgM, and flgK) are cytotoxic for macrophages (see Materials and Methods). Serovar Typhi strains carrying a mutation in the flagellar sigma factor (fliA) showed little macrophage cytotoxicity, which was analogous to that exhibited by a type III secretion-defective invC mutant strain (Fig. 3B) . Serovar Typhimurium strains carrying the same mutation (fliA) also exhibited a significant decrease in their ability to kill macrophages (Fig. 3A) . Mutations in the class III genes flgK and flgM in both serovars had little or no effect on their ability to kill macrophages.
In summary, only serovar Typhi strains carrying mutations in the flagellar transcription activators (FlhDC and FliA) remained unable to enter Henle-407 cells and induce macrophage cell death when a centrifugal force was applied during the infection process.
Effect of flagellar mutations on the expression of SPI-1 genes in serovars Typhi and Typhimurium. S. enterica serovar Typhi strains carrying mutations in the flagellar regulatory genes failed to enter into cultured epithelial cells or induce apoptosis in macrophages, even when a centrifugal force was applied. However, nonmotile strains carrying mutations in genes that encode flagellar structural components and belong to class III in the regulatory cascade remained invasive. These results suggested that motility per se is not required for bacterial invasion and raised the possibility that flagellar regulatory proteins may influence the expression of genes encoding the SPI-1 type III secretion system. To test this hypothesis, we examined in both serovars Typhi and Typhimurium the effect of null mutations in flagellar regulatory genes on the transcription of genes associated with the centisome 63 type III secretion system. Using reporter gene fusions, we analyzed the effect of null mutations in the positive regulator FliA and the negative regulator FlgM on the expression of invA, invF, invJ, and sipC (as described in Materials and Methods). These genes encode essential proteins of the SPI-1 encoded type III system, such as components of the type III machinery (InvA and InvJ) (8, 16) , a type III secreted protein (SipC) (28) , and an essential transcriptional regulator (InvF) (9, 27) . Mutations in any of these genes render serovars Typhimurium and Typhi noninvasive for tissue culture cells and cause an increased 50% lethal dose in orally infected BALB/c mice (14) .
A mutation in fliA resulted in a reduction of SPI-1 gene expression that was more pronounced in serovar Typhi than in serovar Typhimurium (Fig. 4) . In contrast, the transcription of SPI-1-encoded genes in serovar Typhimurium or Typhi was not affected or was slightly increased by the introduction of a lossof-function mutation in the flagellar anti-sigma factor (flgM) (Fig. 4) . In order to confirm these observations, we examined the levels of the type III secreted protein SipC in serovar Typhi and Typhimurium strains carrying mutations in the three regulatory classes of flagellar genes. The levels of SipC in serovar Typhimurium were not altered by the introduction of null mutations in genes belonging to any regulatory class (Fig. 5A) . In contrast, in serovar Typhi, introduction of null mutations in either fliA or flhCD significantly reduced the levels of SipC in both culture supernatants and whole-cell lysates (Fig. 5B) . Consistent with the gene expression results, introduction of mutations in flgM or in the class III flagellar gene fliC, fliD, or flgK did not affect the levels of SipC protein in either culture supernatants or whole-cell lysates. These results indicate that FlhDC and FliA play an important role in the transcriptional regulation of genes encoding the centisome 63 type III system in serovar Typhi and a less important albeit measurable role in serovar Typhimurium.
DISCUSSION
The role of motility in Salmonella entry into host cells has been the subject of several studies (25, 26, 30, 33, 45) . It has been previously shown that nonmotile mutants of Salmonella spp. are impaired in their ability to enter into cultured epithelial cells. In the case of S. enterica serovar Typhimurium, such a defect could be largely reversed by the application of a mild centrifugal force, arguing that motility per se may not be necessary for bacterial entry (25) . Rather, motility may aid the entry process by facilitating the intimate contact between the bacteria and the host cell that is required for the delivery of effector proteins via the invasion-associated type III secretion system. In contrast to the case for serovar Typhimurium, the defect in invasion exhibited by nonmotile mutants of S. enterica serovar Typhi could not be reversed by the application of a centrifugal force (33) . These studies suggested a more complex relationship between the flagellar and invasion-associated type III secretion systems in serovar Typhi. This is intriguing, as it is Transposon insertions were introduced in three flagellar genes (fliA, flgM, and flgK) in S. enterica serovars Typhimurium (A) and Typhi (B) and tested for cytotoxicity in cultured J774.A1 macrophages as described in Materials and Methods. The percentage of dead cells was determined after 3 h of infection by staining with the membrane-impermeant dye ethidium homodimer-1. During the first 10 min of infection, bacteria were spun onto the macrophages at 500 ϫ g. The values represent the average values obtained from three independent experiments, including the standard deviation between these measurements. For each sample a minimum of 500 cells were examined. w.t., wild type. now apparent that the flagellar export and type III secretion systems are evolutionarily and functionally related (13) .
Previous studies either did not take into consideration the complex regulatory cascade that controls flagellar gene expression or were carried out with poorly characterized mutants. In an attempt to clarify the role of motility and flagellum-associated genes in Salmonella entry into host cells, we introduced loss-of-function mutations in the three regulatory classes of flagellar genes in both serovars Typhimurium and Typhi and examined their effect on bacterial invasion and invasion gene expression. In agreement with previous studies, we found that introduction of mutations in flagellar genes (with the exception of flgM) impaired the ability of serovar Typhimurium to enter tissue culture cells and that this defect could be largely reversed by the application of a mild centrifugal force. These results are consistent with an indirect role for motility in the stimulation of the cellular responses leading to uptake of serovar Typhimurium.
In contrast to the case for serovar Typhimurium, serovar Typhi strains carrying loss-of-function mutations in genes encoding the flagellar transcriptional regulators flhDC or fliA remained defective for invasion into Henle-407 cells even after the application of a mild centrifugal force. However, the invasion defect resulting from a loss-of-function mutation in genes that are also required for motility but belong to a different class (class III) in the regulatory cascade could be reversed by the application of a mild centrifugal force. These results indicate that, like in serovar Typhimurium, motility per se is not required for entry of serovar Typhi into host cells. However, the failure to reverse the invasion defect of strains carrying mutations in flagellar genes belonging to class I and class II of the regulatory cascade suggested an indirect effect of these mutations on the invasion phenotype. Consistent with this hypothesis, we found that loss-of-function mutations in flhDC and fliA significantly affected the expression of invasion-associated genes in S. typhi. In contrast, the effect of flhDC and fliA mutations on the expression of invasion genes in S. typhimurium was much more reduced, consistent with a much-reduced effect of these mutations on the invasion phenotype.
These results indicate that the flagellar regulatory genes also control invasion gene expression, adding flagellar regulatory proteins to the already-extensive list of gene products reported to influence invasion gene expression. The expression of the invasion-associated type III secretion system in Salmonella is indeed subject to a remarkably complex regulation involving both specific (InvF, HilA, HilB, and SprA-HilC) and global (PhoP-PhoQ, SirA, and RcsB-RcsC) transcriptional regulatory proteins (1, 4, 5, 9, 11, 24, 27, 36, 46) . How and when each one of these regulatory systems exerts its effect during the infection cycle are unknown. It is possible that the deployment of the type III secretion system may be influenced by a variety of environmental cues operating through different specific regulatory systems.
The contribution of motility to Salmonella pathogenesis has been the subject of several studies (6, 34, 41, 42) . Absence of motility or flagella did not affect the oral or intraperitoneal 50% lethal dose of BALB/c mice infected with serovar Typhimurium (34) . Other studies showed that flgM mutants of serovar Typhimurium are nonvirulent and showed a decreased survival in macrophages (41, 42) . Mutations in the flagellar anti-sigma factor FlgM affect the growth rate of bacteria due to excess production and secretion of flagellin (31) , which may diminish Salmonella's ability to survive inside the host and/or cause disease. In addition, strains carrying a flgM mutation produce twice the amount of flagella produced by wild-type strains, which may affect the ability of Salmonella to interact with host cells by steric hindrance. Introduction of a mutation in fliA into a flgM strain, resulting in a nonflagellated strain, was able to reverse the attenuating phenotype of the flgM mutation, indicating that it is the excess of flagellin production that is responsible for the attenuating effect of flgM (42) . Overall, all of these studies argue for a lack of involvement of flagella in serovar Typhimurium pathogenesis. However, these experiments were carried out with BALB/c mice, which are very susceptible to serovar Typhimurium infections, therefore preventing the assessment of the impact of lesser virulence defects in vivo. In addition, the mouse model does not adequately mimic the clinical course of a nonsystemic infection.
Our studies demonstrating a close connection between the regulatory mechanisms of the flagellar and type III secretion systems indicate a need for caution in the interpretation of studies aimed at establishing a connection between flagella and virulence, particularly those studies using mutations in class I or class II genes that result in changes in gene expression. At least in the case of serovar Typhi, mutations in such genes would be expected to have a profound effect on virulence based on their effect on the expression of the invasion-associated type III secretion system. Indeed, there is epidemiological evidence suggesting that at least in some strains of serovar Typhi there is a direct correlation between bacterial motility, tissue culture cell invasion, and virulence (19) . Our results also indicate that any conclusion linking the flagellar export system to other phenotypes, in particular type III secretion, should take into consideration a potential regulatory connection between these systems. For example, it has been recently proposed that the flagellar export apparatus of Yersinia enterocolitica can secrete proteins other than those associated with the flagellar system (47). Our results linking the flagellar regulatory mechanisms with the regulation of type III secretion in S. enterica coupled to the recent identification of a second type III secretion system in the Yersinia chromosome (The Sanger Center [http://www.sanger.uk.ak]) may potentially provide an alternative explanation for the results obtained in those studies. Although coordinate expression of virulence and flagellar genes has also been reported for other microorganisms (2, 20) , it is unknown whether there is a connection between the regulation of flagellar and type III secretion systems in bacteria other than Salmonella. Type III secretion-associated genes of Yersinia and Shigella spp. contain sequences in their promoter regions similar to the fliA consensus sequence (3). Although Shigella spp. are nonmotile, flagellum-related genes have been identified on their chromosomes (44) and flagellum-like structures have been observed by electron microscopy (18) . In Y. enterocolitica transcription of both fliA and flgM is immediately arrested when cells are exposed to 37°C concomitant with the upregulation of type III secretion-associated genes (29) . These FIG. 5 . Western blot analysis of SipC production and secretion. Proteins from culture supernatants and whole-cell lysates of wild-type S. enterica serovars Typhimurium (SL1344) (A) and Typhi (ISP1820) (B) and isogenic strains carrying transposon insertions in the three regulatory classes of flagellar genes were resolved by SDS-10% PAGE, transferred to nitrocellulose, and probed with monoclonal antibodies directed to SipC as indicated in Materials and Methods.
findings suggest the possibility of a connection between the regulation of flagellar genes and genes associated with the type III secretion system in these bacteria. However, the transcription of lcrD, which encodes a component of the plasmid-encoded type III secretion machinery that is a homologue of S. enterica serovar Typhimurium InvA, was not affected in a fliA mutant (23) .
Finally, it was recently demonstrated that the two-component regulatory system RcsB-RcsC of S. enterica serovar Typhi differentially modulates the expression of SPI-1-encoded genes, flagellin, and Vi antigen. Under low-osmolarity conditions the RcsB-RcsC system downregulates the expression of both flagellin and genes encoded at centisome 63, whereas the expression of Vi antigen was increased (4). In light of our studies, it is possible that the effect of RcsB-RcsC on invasion gene expression may be not direct but rather a consequence of the influence of this system on flagellar gene expression.
